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Ion Temperature Measurements in SSPX

D. W. Auerbach? D. N. Hillf and H. S. McLean
Lawrence Livermore National Laboratory

August 24, 2001

The Ion Doppler Spectrometer instrument on the Sustained Sphero-
mak Physics eXperiment is described, along with background about it’s
operation. Results are presented from recent experimental runs, and the
data is compared to the results of simple statistical models of heat ex-
change in two species gasses.

1 Introduction

Many studies ([Fernandez et al., 1990], [Gibson et al., 1995], [Hsu et al., 2000])
of ion temperatures have been performed on spheromaks , and all have seen very
high ion temperatures during portions of the spheromaks lifetimes. These high
temperatures are typically associated with magnetic reconnection events in the
spheromalk, such as when the flux lines of the plasma separate from those of the
gun. An Ion Doppler Spectrometer (IDS) was built and installed at the Sus-
tained Spheromak Physics eXperiment (SSPX) both to obtain ion temperature
(T:) data for general performance assessment and to look at reconnection. This
report describes background on how doppler spectroscopy works for temperature
measurement, describes the details of the IDS instrument at SSPX, and then
compares recent results to a simple statistical model of how two populations in
a gas with distinct temperatures interact and exchange heat.

2 Doppler Shift and Broadening of Spectral lines

In a gas with weak molecular interactions, the particles (all of mass m) have a
Maxwellian distribution of velocities. This is defined as
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where f(v,T) is the probability that a particle in a gas of temperature T will
have a velocity v [Reif, 1965]. We are interested in using the Doppler shift of
emitted radiation to measure this velocity distribution (and so measure temper-
ature), so we want to integrate over the velocities perpendicular to the line of
sight. This gives us

(SIS
(M)
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where z is the line of sight direction. This is a simple gaussian distribution.
If a particle emitting radiation of frequency v is moving towards a detector
at velocity v, the detected frequency v, is given by

dey(”%)% (3)
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For small velocities v equation 3 can be approximated as
oy -1
vg=v|l- —) 4
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from which we can find
ar_2 5)

Substituting v in equation 5 into equation 2 gives us the distribution of frequen-
cies

me? (42)°

f(v,T) x exp {_W (6)

From equation 6, we can find that the half width half maximum of the dispersion
(defined as half the spectral width of the gaussian at half the intensity of the
maximum) is

(2 in 2)kT
Y
mc

(7)

in units of wavelength. This dispersion is what is seen in a Doppler broadened
spectral line.

hwhm =

3 IDS-The Ion Doppler Spectrometer

3.1 Layout

The Ion Doppler Spectrometer (IDS) for SSPX is based around a 1 meter focal
length high resolution spectrometer, with a custom detector assembly attached
to it. The spectrometer is an Instruments S.A. model THR1000 that has a
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Figure 1: A detailed schematic of the IDS detector assembly
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Figure 2: A schematic of the entire IDS system
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diffraction grating with a line density of 2400 lines/mm blazed for first order
spectra between 300 and 600 nm.

Light is collected for the IDS at a port on the vessel at the level of the
diagnostics slot in the flux conserver. Mounted directly outside of the clear
window of the port is a telescope with an 8” focal length, 2”7 diameter collection
lens, focused so that one end of a fiber optic bundle is exactly at the focal point
of the lens. The result of this placement is that the fiber only collects light
from a column of plasma the size of the lens. The orientation of the telescope
is adjustable, so that the light can be collected along 5 different chords crossing
the chamber (figure 3). This allows the temperature at different locations in
the spheromak to be measured.

The fiber bundle used to carry the light from the collection telescope to
the spectrometer is a custom built cable from Mitsubishi Cable Industries. It
is composed of 24 individual 0.25 mm silica fibers in a circular arrangement
(with a diameter of about 1.25 mm) at the collection end and going to a linear
arrangement at the output end, with the fibers in a single row of length 6 mm.
The linear end of the fiber is butted up against the input slit of the spectrometer
and lined up carefully with the direction of the slit to maximize throughput.

The collected light then passes through the spectrometer and comes out at
the detector box. The detector assembly is built around a Hamamatsu 16 chan-
nel photomultiplier tube (PMT), which consists of 16 0.8 mm x 16 mm PMTs
in a linear array. The tube is mounted in a light-tight box at the output of the
spectrometer, with a cylindrical lens magnifying the spectrum and projecting
it onto the PMT. Both the PMT and the lens are independently mounted on
a rail assembly, so that they can be moved back and forth to adjust the mag-
nification of the detector box. In addition, the lens platform is mounted on a
micrometer controlled translation stage, with a shaft to the outside of the box
allowing focus adjustment while the box is sealed and the PMT is powered. The
final dispersion at the PMT, after magnification, is 0.28 A/mm.

The output from each of the 16 channels of the PMT is amplified by 16
separate amplifiers with a gain of 1x to 200x, the level of which is controlled
remotely by the SSPX operations and data acquisition computers. The coaxial
signal lines are loaded with 10k resistors as required by the PMT, and these
result in an RC time constant for the signal path on the order of the sampling
rate of the digitizers. The signal is then passed to 16 CAMAC digitizers, which
record 8 ms of data at a 1 MHz sampling rate beginning at 2 ms before the
voltage is applied to the electrodes of the gun in the chamber. This data is then
downloaded to a Unix system where analysis is performed.

3.2 Alignment and Focusing

Aligning the IDS was principally a matter of getting the proper strength signal
to the digitizers with the least amount of noise. However, there were a large
number of factors that needed to be addressed to ensure a high signal to noise
ratio.

The first of these was to make sure that the light collection optic was properly



IDS Specs
Focal Length 1 meter
Grating Density 2400 lines/mm
Dispersion 0.28 A/mm
Channels 16
Total Spectral View 4.5 A
Instrumental Profile Width | 0.55 A

Table 1: Important IDS Properties

focused onto the fiber optic. This meant making sure that the end of the fiber
was at the focal point of the lens. This was checked by illuminating the opposite
end of the fiber with a bright white light and looking at the size of the light spot
projected by the lens. If the spot had the same diameter as the lens at a large
distance from the lens, then the light was being properly collimated. Thus, the
light collected by the fiber was only from the narrow column in front of the lens.

The second place where alignment was required was at the input slit. This
was a fairly difficult task, because of the number of degrees of freedom in the
system. The fiber is mounted at the slit on an X-Y translation stage, which
allows movement of the end of the fiber across the slit and up and down the
length of it. In addition, the angle of the linear end of the fiber is adjustable
to get the fiber vertical. The method used to align this system was to set
the spectrometer to a strong mercury line and illuminate the input end of the
fiber with a mercury light. Care had to be taken so as not to expose the ends
of the fiber to the mercury lamp for extended periods of time, as the strong
UV component of the light produces ozone from the oxygen in the air which
can darken the ends of the fiber and reduce fiber throughput. The detector
was powered, and the voltage output of the center channel was monitored on a
multimeter. With the slit opened to about 0.5 mm, the angle of the fiber was
adjusted to maximize the voltage of the center channel of the detector. The
slit was then slowly narrowed to the desired width, and the fiber continuously
adjusted using the translation stage to keep the output maximized. It was
also necessary to adjust the wavelength setting of the spectrometer to keep the
mercury line centered on the detector, as the adjustment of the slit size slightly
affected the location of the line.

The output of the spectrometer also needed initial adjustment, and any
changes in the magnification of the detector box would require this process
again. A 15x magnification was selected by putting the detector 150 mm (11
+ 12 in the table) from the image plane of the spectrometer. The image plane
was located approximately by projecting a spectral line on a white piece of
paper and noting where the line was sharpest visually. The detector box was
then sealed and the detector powered, and a spectral line was lined up with the
detector. The focus knob was then adjusted to maximize the peak intensity of
the spectral line at the detector, a process which also narrowed the spectral line
as much as possible.



3.3 Operation

Although the grating on the spectrometer is only blazed for 300 to 600 nm, the
response of the system goes down to around 230 nm. Within this operational
range of wavelengths, there are a number of emission lines that are typically
bright in hot plasmas. Table 2 shows several emission lines, their wavelengths,
and their widths at different temperatures.

Unfortunately for the purposes of ion temperature measurement, the vacuum
chamber for SSPX is very clean, and impurity levels are quite low. This means
that many of the predicted impurity lines are not actually visible. This initial
design of the instrument called for a 1 inch collecting lens, and this had to
be increased to a 2 inch lens to effectively illuminate the PMT. Even with this
lens, the primary impurity line used, the OV line at 278.1 nm, is only sometimes
visible. The most reliable impurity line is the very bright OVI line, but as this
is far into the UV at 120 nm, a vacuum spectrometer would be needed to view
this line.

4 Data and Analysis

Analysis of the collected data from the IDS is performed in the IDL program.
The analysis assumes that both the line shape of the spectral line and the
instrumental response function (the output of the instrument to a very narrow
line) are both gaussian. For each data point (one time step) there are 16 channels
of data across 4.5 A. These data are fitted to a gaussian curve using a built in
IDL routine. Since the dispersion of two convolved gaussian add in quadrature
(see appendix B), the dispersion of the spectral line is calculated by

R 2 _ 2
Oline = \/Uout Oinstrument ’ (8)

From equation 8, the temperature can be calculated based on equations 6 and 7
in section 2. This procedure is repeated for each timestep, giving a time resolved
ion temperature measurement of the shot.

The impurity lines are not alway visible during the entirety of the shot. An
antomatic preprocessing code in IDL picks out sections of good data and passes
them to the analysis routine.

4.1 Run Data

Recent results from the IDS instrument, shown in figures 4 and 5, show initially
very high ion temperatures, on the order of 1000 eV. These high temperatures
cool very quickly, in times on the order of 0.1 ms, to around 100 eV. For some
shots, there are secondary rises in 7; when the sustainment bank fires, which
also cool down in times on the order of 0.1 ms.

Figure 6 show a plot of an estimate of magnetic fluctuations in the toroidal



DOPPLER WIDTH CALCULATIONS (nm)

ol ol oW ov (oF]] Clit cv H beta
wavelength (nm) 441.49 304.71 306.35 278.11 426.7 464.74 227.09 486.13
weight 16 16 16 16 12 12 12 1
Temperature (eV)
50] 0.05993867| 0.0413688| 0.04159146( 0.03775747] 0.06689263| 0.07285606| 0.0356003] 0.26399679
100| 0.08476608) 0.05850432] 0.0588192] 0.05339712} 0.09460046| 0.10303402| 0.05034642| 0.37334784
150] 0.10381682| 0.07165287| 0.07203851| 0.06539785} 0.11586143] 0.12619039] 0.06166152{ 0.45725585
200| 0.11987734| 0.0827376] 0.08318291| 0.07551493} 0.13378525]| 0.14571211] 0.07120059] 0.52799358
250] 0.13402694] 0.09250345] 0.09300132| 0.08442826] 0.14957646{ 0.16291109] 0.07960468] 0.59031477
300( 0.14681916] 0.10133245]| 0.10187784| 0.09248652] 0.1638528] 0.17846016] 0.08720256| 0.64665743
350( 0.15858281] 0.10945156| 0.11004065] 0.09989686} 0.17698125 0.192759] 0.09418953| 0.69846985
400] 0.16953216) 0.11700864| 0.1176384| 0.10679424] 0.18920092] 0.20606804| 0.10069284] 0.74669568
600]| 0.20763364] 0.14330573| 0.14407703| 0.1307957] 0.23172285| 0.25238078] 0.12332304] 0.9145117
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Figure 4: Example results from the IDS, with associated shot data
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Figure 5: Example results from the IDS showing T; rise when the sustainment
bank fires
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Figure 6: Plot of AB;/B for eight recent shots. X’s are times before 1 ms,
triangles are points after.
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field, AB/B, versus T;, for 8 different shots. AB/B is calculated by

AB _\/(B-B)’

‘B~ B
There is a correlation between high ion temperatures and magnetic fluctuations
as expected, however there are some high temperatures that are not correlated
with measured magnetic fluctuations. These particular measurements are only
seen during the higher 7; recorded after the firing of the sustainment bank.
The measurements of magnetic field used to calculate AB/B are made at the
magnetic axis of the plasma, and it is possible that other fluctuations may be
responsible for the high temperatures, or that other mechanisms are operating.

(9)

4.2 Models

One basic model of cooling ions is that of two populations, ions and electrons, in
equilibrium with themselves and with distinct temperatures. While the popula-
tions in SSPX are not in equilibrium because there is energy input into them, the
time scale of temperature equilibration within the populations is much shorter
than between them and thus the model should describe the experiment fairly
well.

Spitzer [Spitzer, 1962] showed that the cooling rate for two distinct popula-
‘tions is given by

daT Te —t;
= = 1
dt teg (10)
where t., is given by
1 ek% Tz e %
teg = 37? ” <‘—‘ + L ) (11)
8(2m)zn(Z;)%nA \mi ™,

Average SSPX shots have densities around 2z14'*ecm~3, peak T; around 1000
eV, T, around 100 eV. This predicts a time for 7; to cool to T¢ of around 0.1
ms. Individual calculations for each shot predict cooling rates of 2 to 3 times
faster than actually seen. This indicates that there is continued energy input
into the ions even as they cool.

A similar technique can be used to look at energy dissipation rates. The
energy in a monatomic gas is described by

E= gnKT (12)

Since we can predict dT/dt using equation 10, we can find the energy dissipation
associated with that cooling. Thomson scattering measurements on SSPX shots
show T, around 100 eV, and since T; hovers around 200 eV, there must be
continued energy input into the ions, and continuous energy dissipation through

12



the electrons. Using the typical values described above, we find that typical
power flow from the ions to the electrons and then out of the plasma is around
10 MJ/s. A time resolved recording of T, would be more effective for this
calculation, because a a cooling rate could be calculated from the difference of
T, and T; at all times, but as of yet T, is only measured via a single time point
Thompson scattering system.

13
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Figure 7: A plot of the response of each channel of the PMT detector to one
specific mercury line at 4046 A. The scale of the y axis is from 0 to 125 mV,
and the x axis is in angstroms (A). There is 0.3 Abetween channel peaks, and
the FWHM of the lines is about 0.55 A. The slit was set at 0.04 mm.

Appendix

A Spectrometer Calibration - Detector

In order to use a multi channel detector such as the 16 channel PMT in the
IDS detector box, it was necessary to calibrate and normalize each channel’s
intensity of response to the same signal. To do this, the same mercury line from
a calibration lamp was passed over each of the detectors one by one, with the
signal output hooked up to an analog plotter. The peak height of each channel
was then measured, and a calibration factor was generated for each channel to
normalize the output of the detectors. This factor was used as input to the
data analysis routine, so that no direct manipulation of the data was required
outside of that routine.

B Convolution of Gaussian
Because the IDS instrument has an instrumental profile, the spectrum at the
output is different from the input spectrum. The actual output is a convolution

of the input spectra and the instrument profile. To see this, we consider in
figure 7 the detected response of the IDS instrument to a very narrow line (a

14
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Figure 8: A broad spectral line broken down into delta functions, with the IDS
instrumental response to each individual delta function superimposed

cold mercury line). We can think of this as the response of the instrument to
a delta function, since the width of the mercury line is much smaller than the
measured line width of 0.55 A. If we then consider the input signal as being a sum
of very close together delta functions, we can see that the total system response
to the input signal will be the sum of responses to each of the delta functions
(see figure 8). If the intensity of the delta function at a specific wavelength A
is given by Int(X), and the instrumental response is given by R(d), where d is
the displacement from the center of the symmetric response function, then the
intensity at a specific A = z at the output can be represented as the sum

I{z) = -+ Int(z) - R(0) + Int(z + 6) - R() + Int(z + 28) - R(26) + - - -
(13)

where 4 is the infinitesimal displacement to the next delta function. In the limit
as § becomes very small, is is clear that

I(z) = ./_00 Int(z +J) - R(—4)dé (14)

o

This is a standard convolution integral.

If both the input spectrum and the instrumental response are gaussian (or
can be approximated as gaussian), this convolution integral which represents
intensity at the output of the spectrometer has nice properties that can be
exploited to make the data analysis for finding ion temperatures easier. We_will
assume that the intensity of the incoming spectrum is given by

Int(\) = C - exp [—% (A‘A(’)T (1)

oy
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and the instrumental response has the form

R(8) = C - exp l—% (O_i) 2] (16)

We will ignore constants in the following derivation and include them all in C,
a constant whose definition will change throughout the calculation.
From equation 14, with a change of variable A = A — Ay, we can see that the

output intensity is given by
oo 1/A+0\° 1/-6\>
I(A) = — | — ——{ —
) C/_oo“pl 1 (55) [ |2 (%)

o0 22 2 2 \24 2
:C/ exp [_1 ((5 (0,2 + 0;2) + 2Mdo, 2 + Mo, )]dé (17)

9 2,2
2 o.l0;

At this point, we complete the square in the exponent, giving

[e2]
]. Tr0y
I/\:C'/ exp |—= — dé 18
oy |73 e (18)
Making the substitution
e .0 D SO i (19)
or0; o;’ 0,0;

and again dropping constants, gives

wecf G

Finally, since the integral of a gaussian over all space is a constant, we can
pull out the A dependence from the integral, leaving just a constant behind.
Replacing A with A— )¢ as our original variable, we have an instrumental output

intensity of
1/(A=Xp)?
IA)=C-exp [—5 (————o_rz T ol (21)

Thus, we see that when two gaussian are convolved, their ¢’s add in quadra-
ture. This enormously simplifies deconvolution. If the output spectrum from
a spectrometer is a gaussian, and the instrumental function is also a gaussian,
than the o of the incoming gaussian line profile is simply

—o.2 (22)

Tin =4/ 0 r

out
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